We tested the possibility of inducing ectopic expression of the gene in the rhombomeres of the 2-days-old chick embryo. The experimental procedure consisted of grafting En-2-expressing neuroepithelium (prospective isthmocerebellum) from a quail or a mouse embryo into different rostrocaudal levels in the hindbrain of a host chick embryo. The graft replaced a given excised host rhombomere, the rostra1 and caudal limits of which were either also excised or left intact in different experiments. Induction of En-2 occurred in the host hindbrain, but only when the graft did not contact with host interrhombomeric boundaries and only in the alar plate of the rhombomeres immediately contacting the graft. Long survival experimental embryos showed that induced rhombomeres give rise to a cerebellar phenotype in their transformed alar plates. We thus demonstrate here a pluripotential state of the early rhombomeres as well as a possible role of the interrhombomeric limits as barriers to morphogenetic influences.
Rhombomeres are segmental subdivisions of the developing hindbrain which appear at early postneurulation stages and hold a stereotyped relationship to cranial nerves (Vaage, 1969; Lumsden and Keynes, 1989) . At early stages (2 or 3-days-old chick embryos) the rhombomeres are polyclonal compartments (Fraser et al., 1990; Birgbauer and Fraser, 1994) and express diverse combinations of regulatory genes known to participate in identity specification (see McGinnis and Krumlauf, 1992; Wilkinson, 1993 for reviews) . Abbreviations: AP, alar plate; b, basal column of En-2 positive cells; BP, basal plate; egl, external granular layer; ep, epiphysis; FP, floor plate; G, graft; g-cb, grafted cerebellum; H, host; h-cb, host cerebellum; h-ist, host isthmus; h-r3, host r3; i-cb, induced cerebellum; i-ist, induced isthmus; Is, isthmocerebellum; MES, mesencephalon; p, pial surface; pc, plexus choroideus; Pcl, Purkinje cell layer; r, rhombomere; RHOMB, rhombencephalon; v, ventricular Several authors have recently studied the possible commitment of the rhombomeres to a specific differentiation course at early stages. They have transposed individual rhombomeres to various longitudinal levels inside the hindbrain, finding among other effects that their respective genetic identity is not altered in these ectopic environments Kuratani and Eichele, 1993; Prince and Lumsden, 1994) . These data support the conclusion that the rhombomeres are irreversibly committed.
Conversely, plasticity of developmental fate persists at the prospective midbrain and diencephalon (Nakamura et al., 1986; Alvarado-Mallart et al., 1990; Itasaki et al., 1991) . It has been shown, for example, that the diencephalon expresses the En-2 gene and transforms phenotypically into midbrain when contacted by the En-2-positive prospective isthmocerebellum (Martinez et al., 1991; Gardner and Barald, 1991; Bally-Cuif et al., 1992; Marin and Puelles, 1994) .
Taking into account both groups of experiments, we investigated whether the prospective isthmocerebellum can induce a fate change in the hindbrain rhombomeres, as it does in the diencephalon. We demonstrate here that ectopic induction of En-2 expression indeed occurs. This leads to a change of the cytoarchitectural profile at later stages, causing the ectopic development of a cerebellar phenotype.
We also investigated the possible role of the interrhombomeric limits as barriers to this morphogenetic influence, given that they seem to contain a distinct cell population showing restricted gap-junctional communication. Martinez et-al., 1992) . In our experiments, the inductor tissue was grafted either with or without interposed host interrhombomeric limits, showing that the observed inductive effect does not cross these boundaries.
Results

Terminology
We follow the rhombomere nomenclature of Vaage (1969 Vaage ( , 1973 with the following exceptions: We call rl his 'rh 1 b' neuromere and call isthmocerebellum the sum of Vaage's 'rhla', 'Is' and 'm2 '. This extended region gives rise to isthmic nuclei and a rostra1 part of the cerebellum (Martinez and Alvarado-Mallart, 1989; Hallonet et al., 1990; Hallonet and LeDouarin, 1993; Alvarez-Otero et al., 1993; Marin and Puelles, 1994) .
Normal expression of En-2 in the avian rhombencephalon
The expression domain of En-2 extends caudally from its maximum at the isthmic constriction, ending at some distance rostra1 to the r2 segment. It is difficult to assess the exact boundary of this domain with regard to the rl rhombomere, which is special in not having a clearcut rostra1 boundary at these stages (Vaage, 1969; 1973) . Additionally, at stages HH20-26, we consistently observed En-2 expression in the form of bilateral dense bands of postmitotic neurons appearing within the basal plate of rl -r4 ( Fig. 3a and b) . At stages HH21-26, a number of the basal En-2 positive neurons in r2 characteristically start to migrate laterally.
Short survival results of Type I grafts
In these chimeras, quail isthmocerebellar tissue was grafted into various chick rhombencephalic domains. The transplant (G) integrated at the corresponding level of the host rhombencephalon and continued to express c, . Subsequent histological analysis showed that the ectopic En-2 expression extended through the whole graft in agreement with the in toto observations (Fig. 60 .
When the host interrhombomeric boundaries adjacent to the locus of the graft were previously excised, the ectopic expression of En-2 extended into the adjacent host rhombomere (25 out of 34 cases), but only into the alar plate region. The experiments Type Is/lb (Fig. 2b) , respectively, only elicited alar induction of En-2 expression either in the rhombomere lying rostrally (Ia; Figs. 4a, b, 6a and c) or caudally (Ib; Fig. 4c and d) , whereas experiments Type Ic caused induction in both neighbors (lc; Fig. 4e and f) .
The induced En-2 expression showed a gradient, decreasing distal to the graft and stopping in some cases at the level of the distal boundary of the induced rhombomere or in other cases short of it. The two induced expression domains obtained in Type Ic cases showed symmetrical gradients relative to the graft ( Fig. 4e and  f) . Induced En-2 immunopositive cells belonged to the host as determined by the ulterior histological analysis (Fig. 5) .
The role of interrhombomeric boundaries as barriers to the inductive effect was corroborated with grafts Type Id (n = 18; Fig. 2b ), in which the En-2 immunopositivity always remained restricted to the segment containing the grafted tissue.
Mouse/chick Type I chimeras
The mouse/chick control grafts ( Fig. 1 b) produced entirely analogous inductions. The grafts themselves were negative, since the mouse En-2 protein is not recognized by the 4D9 antibody (Pate1 et al., 1989) . The immunopositive reaction observed in the neuroepithelium of host rhombomeres was necessarily due to induced synthesis of chick En-2 protein ( Fig. 6d and e) . Note that rhombomeres normally do not express En-2, except in basal plate postmitotic neurons (see Discussion).
Non integrated Type I grafts
In some Type I experiments, the graft developed as a separate small spherical vesicle of donor tissue (En-2 positive), surrounded by donor mesoderm and adjacent to the host neural tube. No induction of En-2 was observed in these cases (not shown; n = 18), suggesting that mere proximity of donor mesoderm and neuroepithelium does not reproduce the effect.
En-2 negative control grafts
Type IIIa transplants, similar to Type I ones, but performed with donor tissue taken from an En-2 negative brain area (rostra1 midbrain or the forebrain), did not themselves express En-2 and were unable to induce En-2 in the neighboring unbounded rhombomeres and did not change the local normal expression pattern in the basal plate (not shown; n = 4).
En-2 positive control grafts
In a number of Type Ia control experiments, the dorsoventral axis of the isthmocerebellar graft was inverted (causing basal plate tissue of donor to contact the alar plate of the host and viceversa). This served to test that In control experiments in which rhombomeres r3-r7 were transplanted in substitution of other rhombomeres (Type IIIb; Table l), the grafts always retained their characteristic pattern of En-2 expression (presence/ absence of En-2 positive neurons in the basal plate; lateral migration of some cells at HH25 in the case of r2) (Fig. 3c-f These chimeric embryos tested induction of En-2 expression in donor rhombomeres (r3 and r6; Fig. 2a ) grafted inside the host isthmocerebellum. As before, only the alar plate area of the graft was induced to express En-2, not its basal plate. The role of boundaries with regard to the induction was confirmed since only the unbounded side of the graft showed the gradiental induction of En-2. Fully bounded grafts were not induced and retained their original expression pattern in the basal plate (Fig. 4g ).
2.9. Histogenetic fate after long survival Some chimeras bearing Type lb or Id grafts into rl, r2 or r3 and some embryos receiving Type II grafts were left in the incubator until later stages of development. For Type I grafts (four cases inducing r3; one case r2 and two cases r4), the embryos were fixed after lo-18 days of incubation (HH36-44). Two bilateral type II transplants aiming to induce r3 were fixed at 10 and 13 days of incubation (HH36; HH39).
Type I cases
The graft (schema in Fig. 7d ) produced a supernumerary isthmocerebellar structure (G; Fig. 7a and b) . The grafted cerebellar rudiment illustrated in Fig. 7a -c was specularly polarized relative to the normal host cerebellum, contrary to the primary orientation of the graft. In all Type lb cases (r2/ n = 1; r3/ n = 3; r4/ n = 2) the unbounded host rhombomere developed a cerebellar structure as well, which was polarized correctly relative to the host axis (i-cb; Fig. 7a , compare with 7b). Microscopic analysis of these cerebella showed similar The receiving site alternatively lacks a boundary rostrally; but retains the caudal one (Type Ia), lacks the caudal limit and has an intact rostra1 border (Type Ib), lacks both limits (Type Ic ) or retains both limits (Type Id).
characteristic components in all of them, like a dense Furkinje cell layer and a subpial external granular layer (Fig. 7~) . It has been shown that r3 and r4 normally do not form any part of the cerebellum (Tan and LeDouarin, 1991; Marin and Puelles, in press ). The alar plate of r2-r4 forms various nuclei receiving afferents from cranial nerves V and VIII (Tan and LeDouarin, 1991; Marin and Puelles, in press ). These normal alar structures were lacking in the experimental side and were substituted by the graft-derived and the induced cerebella. The quail isthmocerebellar fragment was grafted between rS and r7, ablating the r5/r6 limit but leaving intact the r6/r7 limit. There is strong En-2 expression in the grafted tissue, reproducing its original pattern (G). Additionally, lighter expression extends into the alar plate of the host rS. The original absence of En-2 expression in the basal plate of r5 is not altered. Arrowheads: r4/ r5 limit. (b) Black arrows: End of the graft En-2 expression at the conserved r6/r7 limit. White arrows: Slightly irregular rostra1 end of the graft, invading partially the host r5 (may represent clonal invasion). Note induced En-2 signal in the adjoining r5 alar plate (AP) and absence of such effect in r7. (c and d) Type lb case (operated at stage, HH 12 and fixed at stage HH 19). The En-2 positive graft (G) substituted in this case only the dorsal half of the host hemisegment and was placed between r5 and r7, leaving intact the r5/r6 limit but ablating the r6/r7 limit. There appears En-2 expression in the alar plate of r7, but no signal in r5 nor in the conserved host r6 basal plate. (d) Black arrows: Unbreached rostra1 limit of r6. White arrow: Ectopic En-2 signal in r7. (e and f) Type Ic case (operated at stage, HH 12 and fixed at stage HH 26). The quail isthmocerebellum was grafted between r5 and r7, ablating both limits of r6. Apart from strong En-2 expression in the graft (G) there is induced En-2 signal in the alar plate of both r5 and r7 (arrows). (f) The same preparation photograhed with Nomarski differential contrast, showing the interrhombomeric limits. (g) Type II case (operated at stage, HH 11 and fixed at stage, HH 26). The quail r3 was grafted together with its limits into-the caudal part of the host isthmocerebellum. The grafted r3 maintained its original pattern of En-2 expression (column of positive cells within the basal plate, negative alar plate). Arrowheads: limits of the graft. Bars: (a-g) 100 pm. 2.11. Type II cases Inverted grafts of the rostrally unbounded r3 rhombomere in front of the host inducer region (n = 3; Type 11; Fig. 2a ) corroborated these findings. We illustrate this result with one chimera in which r3-r5 substituted bilaterally the prospective midbrain (Figs. 2a and 7e ). This specimen shows a small cerebellar structure that developed in the alar plate of the graft. It has a characteristic cerebellar cortex including CaBP (D28k-calcium-binding protein) positive Purkinje cells formed by quail cells (G; i-cb; Fig. 7f-i) . In these cases, the part of the grafts closest to the host inducer region did not develop a cerebellar structure. It may have transformed instead into less clearly identifiable isthmic neuronal populations (i-ist; compare with h-ist; Fig. 7f ). The alar plates of r4 or r5 were apparently not transformed, as indicated by the presence of a choroidal plexus plus a characteristic nuclear cytoarchitecture (magnocellular cell groups resembling vestibular nuclei and the characteristic nucleus laminaris could be identified, as compared with data in Tan and LeDouarin, 1991 and Marin and Puelles, submitted) . ). The isthmocerebellar graft was placed between r4 and r6, leaving intact the r5/r6 limit but ablating the r4/r5 limit. En-2 expression appears in the alar plate of r4, which stops rostrally in the neighborhood of the r3/r4 boundary as determined by phase contrast microscopy (black arrows). Red arrows: interrhombomeric limits. Green arrow: rostra1 limit of the graft, which produced in this case a pocketlike recess after flattening of the hindbrain. (b and c)Two horizontal sections of a Type Ia experimental specimen (operated at stage, HH12 and fixed at stage, HH26; Nomarski optics). The quail isthmocerebellar fragment (G) was grafted between r3 and r5, ablating the r3/r4 limit but leaving intact the r4/r5 limit and nearby r4 cells. et al., 1989) and that the early domain of En-2 expression ends caudally at some distance rostra1 to the r2 segment (Gardner et al., 1988; Pate1 et al., 1989; Davis et al., 1991; Gardner and Barald, 1992) . Our results agree with these descriptions as far as the neuroepithelial expression of En-2 is concerned. However, at stages HH20-26, we consistently observe additional domains of 4D9 immunopositive cells in the form of bilateral dense columns of postmitotic neurons appearing in the basal plate of neuromeres rl-r4 ( Fig. 3a and b) , as recently reported by Millet and Alvarado-Mallart (in press). Davis et al. (1991) and Gardner and Barald (1992) described a similar basal plate column of cells labeled with arEnhb-I, an antibody that recognizes both En-l and En-2 proteins (Davis et al., 1991) . They interpreted them as being En-l positive. Gardner and Barald (1992) mentioned that some of these cells react also with the 4D9 antibody, but not those caudal to the r2 segment. This conclusion strongly contrasts with our 4D9 labeling data in r3 and r4, indicating the presence of En-2 protein (Fig.  3) . The arEnhb-I immunoreactive cell column also extended into the spinal cord (Gardner and Barald, 1992) . In this respect, it may be noted that labeling with 4D9 and cYEnhb-1 antibodies in zebralish embryos detected similar double-labeled cells in the first three rhombomeres (Hatta et al., 1991) , together with cells expressing only En-l in a continuous column extending into the spinal cord.
This basal plate pattern within rl-r4 was never altered after our various manipulations (including contact with the graft alar plate), suggesting a committed state of the basal hindbrain region as regards restriction of En-2 expression to this population. In contrast, the basal plate of the caudalmost prosomere widely expresses En-2 and changes its fate when placed in contact with the same inductor tissue (Marfn and Puelles, 1994).
Induction of En-2 in the alar plate and subjacent mechanisms
Previous experimental studies showed that midbrain and caudal forebrain neuroepithelium can be induced at stages HHlO-13 to express En-2 protein by planar effects spreading from grafted En-2 positive tissue taken from either side of the isthmic constriction (Martinez and Alvarado-Mallart, 1990, Martinez et al., 199 1; Gardner and Barald, 1991; Bally-Cuif et al., 1992; Marin and Puelles, 1994) .
Our analysis of the possibility to induce En-2 expression in the rhombomeres showed that the corresponding alar plate areas are competent to activate the En-2 gene at the same stages (HH 10-13). The planar nature of this phenomenon is supported by the observation that interposed interrhombomeric boundaries represent a barrier for the induction. This condition should not affect the result if a vertical mesodermal induction effect is causally involved.
It is significant that non-integrated grafts never induced any change in the adjacent host neural tube, although this was in intimate contact with the extraneous mesodermal environment normally surrounding the grafted tissue. Should a mesodermal factor be causally active in these experiments, it would be expected that at least part of the results should be reproduced by the non-integrated grafts. This observation agrees with general experience that mesodermal structures largely cease to influence the neural specitication after neurulation (Storey et al., 1992; Kuratani and Eichele, 1993) , whereas planar interactions between neuroepithelial cells still continue (Martinez et al., 1991; Gardner and Barald, 1991; Alvarado-Mallart, 1993; Marin and Puelles, 1994 cient source of En-2 inductive effect coincides with the caudal third of the mesencephalic vesicle, including the midbrain-hindbrain constriction, at the stages used for transplantation (Martinez et al., 1991; Gardner and Barald, 1991; Bally-Cuif at al., 1992; Alvarado-Mallart, 1993; Marin and Puelles, 1994) . The wnt-l gene encoding a secretable protein is expressed in a ring-shaped transverse band in this area (Wilkinson et al., 1987b; Bally-Cuif et al., 1992; Hollyday et al., 1993; Bally-Cuif and Wassef, 1994) . Immediately caudal to this, a ventrally incomplete ring of cells express FgfB, another potential signalling molecule (Crossley and Martin, 1995) . A relationship of wnt-1 with induced En-2 expression was suggested by Bally-Cuif et al. (1992) , who showed that En-2 induction occurs more consistently when the grafted tissue includes wnt-Z-positive cells, as was presumably the case in our grafts. Moreover, Bally-Cuif and Wassef (1994) found that domains of En-2 induction in the forebrain express wnt-1 in a line of cells at the graft/host boundary. Such boundary effects were considered theoretically by Meinhardt (1983 Meinhardt ( , 1991 . Further studies are needed to determine the presence of similar phenomena in the case of induction of En-2 in the rhombomeres.
Additionally, specific cell adhesion mechanisms may be involved as well in En-2 regulation. Mouse Ecadherin is detected at the En-2 positive domain (Shimamura and Takeichi, 1992) . These authors showed that isthmocerebellar brain explants treated with an antibody against E-cadherin developed an altered pattern of En-2 expression.
Until now, only diencephalic, mesencephalic and isthmocerebellar neuroepithelial areas were known to be competent to express extensively En-2. Contrarily, rostra1 diencephalic and telencephalic neuroepithelial areas are unresponsive to the inducing stimulus (Martinez et al., 1991) . Addition of the whole rhombencephalic alar plate to the list of responsive areas underlines the probable existence of some common factors. Curiously, all these competent areas coincide with alar and roof regions of the brain expressing wnt-I and other members of the wnt family in the mouse (Roelink and Nusse, 1991; Salinas and Nusse, 1992; Holiday et al., 1993; Bulfone et al., 1993; Puelles and Rubenstein, 1993; Parr et al., 1994) . A hypothetical correlation between these patterns can be tested, since we would predict that En-2 should be similarly inducible in the spinal cord alar plate.
Labile genetic specification of rhombomeric identity and the role of boundaries
It is usually thought that rhombomeres become irreversibly committed to a characteristic developmental course once interrhombomeric boundaries are established (Lumsden, 1990; . The characteristic combination of up-regulated genes within each segment supposedly establishes its definitive identity 'code' (Hunt et al., 1991; McGinnis and Krumlauf, 1992) . In practice, however, postulation of an irreversibly committed state is subject to revision under as yet untested circumstances (Slack, 1991) . We have shown here that avian rhombomeres have a labile alar specification state, since their exposure to a morphogenetic agent previously untested on them altered the corresponding genetic identity and fate.
The presently observed role of boundaries as nonpermissive parameters of segmental re-patterning suggests a new precaution to be considered in studies with transposed segments, even though this is complicated by the small and varying dimension of the boundary populations (Martinez et al., 1992; Heyman et al., 1993) . The uncertainty of whether host/donor boundary cells are divided, or rather remain all attached to one of the segments in any attempt to divide rhombomeres exactly at their boundaries, is a handicap of which we have become increasingly conscious in the course of this study. In addition to this, there is the incontrovertible observation of that even/ odd heterotopic combinations of rhombomeres tend to regenerate a missing boundary cell population.
Experiments relevant to the issue of commitment have been reported in which ectopically placed rhombomeres retained characteristic markers of their original identity, supporting the assumption of their committed state Prince and Lumsden, 1994; Kuratani and Eichele, 1993) . However, these studies (apparently planned more to test vertical induction effects than planar ones) are ambiguous with regard to the eventual presence of donor or host boundary populations which might have isolated the grafts from planar influences. and Prince and Lumsden (1994) , for instance, concluded the existence of a committed state of r2 and r4 after interchanging these segments, but established the case only for a situation generating even-odd recombination of rhombomeres in which missing segmental boundaries probably were reconstituted. Kuratani and Eichele (1993) performed, among other experiments, a set of-'r4 into rl ' grafts placed into the zone identified by us as a part of the isthmocerebellum (compare our Fig. 2a with their Figs. 4A, 6A and B) . According to our data (Type II cases), these grafts were placed within the range of influence of the En-2 inducing tissue, particularly if they lacked a boundary (not specified by the authors). Some of these experiments might have expressed En-2 in their alar plate (not tested) and might show altered expression of the studied marker gene, Ghox 2.9. Indeed, in one illustration that gene seems to have been partly repressed (see their Fig. 4A ). The authors remarked that in these cases r4-derived crest cells were difficult to visualize, meaning less crest cells were present than in other cases. This is consistent with the presumption of a fate change, at least for neural crest derivatives.
Taken on the whole, the available evidence supports that the specification state of various brain segments, including rhombomeres, remains labile (at least partially) after the respective boundaries and the normal genetic identity codes are established. The more labile specification state of the hindbrain alar plate compared to the basal plate may be tentatively correlated with the temporal pattern recorded for various Hox genes in the mouse, which change from early domains of expression encompassing both basal and alar plates to late domains restricted to alar territories (Graham et al., 1991) .
The apparent role of interrhombomeric boundaries as barriers to En-2 induction may be just a collateral characteristic (e.g. due to inspecific interaction of the transmitted signal with the boundary cells). Alternatively, these data may reflect a confirmation of the postulated property of intersegmental boundaries as structural specializations collaborating in the sharpening of the gene pattern of segmented brain regions (Sundin and Eichele, 1990; Fraser et al., 1990; Martinez et al., 1992; Wilkinson, 1993; Figdor and Stern, 1993) . In that case, the finding has potentially high significance in view of the present evidence of a general labile state of genetic identities in the alar hindbrain after overt segmentation occurs. Experiments as those reported by and Guthrie et al. (1993) in which odd-odd or even-even heterotopic combinations of rhombomeres lead to apparent fusion of their territories and produce some cell intermixing are good candidates for testing the conservation or change of the primary genetic identities in the absence of interposed boundary cell populations.
Altered histogenetic fate
The deduction of a major reorganization of the genetic identity in alar regions of the hindbrain is strongly supported by our analysis of the phenotype change appearing in the induced r2, r3 and r4 after longer survival. The development of a typical cerebellar rudiment in substitution of the normal alar derivatives of these segments reveals that these territories acquired the complex genetic signature assumed to code for 'cerebellum'. The induced rudiments included at least two characteristic cerebellar cell types: Purkinje cells ( Fig. 6c and i ) and external granule cells ( Fig. 6c and h ). The r3 and r4 segments normally do not participate in the formation of cerebellum, as indicated by extirpation experiments (Martinez-de-la-Torre et al., 1990) and by chimeric grafts (Tan and LeDouarin, 1991) . Homotopic quail/chick grafting experiments analyzing the prospective fate of rhombomeres r2-r6 are being reported separately (Marin and Puelles, in press) .
In most ectopic situations, the grafted isthmocerebellar neuroepithelium tends to maintain its normal En-2 expression and develops a cerebellar structure, with or without attached structures identifiable as isthmic formations (Nakamura et al., 1986; AlvaradoMallart et al., 1990; Martinez et al., 1991; AlvaradoMallart, 1993; Marin and Puelles, 1994; present results) . The gradient of En-2 protein, suggested to represent an important causal factor for tectal polarity (Martinez et al., 1991; Itasaki et al., 1991; Gardner and Barald, 1991; Bally-Cuif at al., 1992; Alvarado-Mallart, 1993; Marin and Puelles, 1994) , appears here similarly related to normal and ectopic cerebellar polarity ( Fig. 7a and b) .
It is remarkable that, independently of the orientation of the graft, induction effects tied to En-2 up-regulation in midbrain and forebrain areas result in the development of characteristic midbrain and isthmic structures (Martinez et al., 1991; Marin and Puelles, 1994) , whereas similar effects in the hindbrain apparently tend to generate a cerebellar phenotype. These alternative patterns possibly reflect the existence of genes higher up in the specification hierarchy which precondition these two possible states. Altered rhombomeres, thus, can be supposed to have lost their specific rhombomeric alar identity but may have retained a general hindbrain identity which selected the cerebellar fate against the midbrain one.
Isthmic centers apparently only develop near the maximal En-2 level of expression. We only obtained induction of structures identifiable as isthmic primordia in those cases in which we placed r3 just in front of this En-2 intensive locus ( Fig. 7f and g ). All this agrees with previous attribution of an organizer role for this peculiar brain locus (McMahon and Bradley, 1990; Thomas and Capecchi, 1990; Thomas et al., 1991; McMahon et al., 1992; Marin and Puelles, 1994; Crossley and Martin, 1995) .
Experimental procedures
4.1. Transplantation procedure White Leghorn chicken and Japanese quail eggs were incubated in a forced draft incubator at 38 f 0.5"C and prepared for heterospecific transplantation on the second day of incubation. In all experiments the quail embryo was the donor. The stages varied without significant differences (lo-19-somites; stages lo-13 of Hamburger and Hamilton, 1951) , but the stages of host and donor embryos were matched as closely as possible for each experiment.
A piece of donor tissue was excised with sharp tungsten needles and inserted into a site previously vacated in the host (Fig. la) . In a few cases, the graft was bilateral and consisted of a whole transverse ring of the isthmocerebellum, with entirely comparable results. The ventro-dorsal and ventriculo-pial polarity was maintained in all the grafts. The operated chick eggs were sealed with tape and returned to the incubator until the time selected for fixation.
Types of transplants
The various kinds of experiments may be subsumed under three categories: (i) donor isthmocerebellar tissue is grafted adjacent to diverse rhombomeres of the host, testing planar induction of En-2 and other effects in the host; (ii) one or several rhombomeres of the donor are transplanted into the neighborhood of the host isthmocerebellum, testing effects on the donor tissue; (iii) various control experiments (see below).
4.2.1. Type Z transplants. A segment-sized, transverse slice of isthmocerebellum (alar + basal plates) was excised at the isthmic constriction.
This piece was heterotopically grafted into an appropriately sized gap prepared by ablating one half of a given rhombencephalic segment in the host (Fig. la) . Such grafts were inserted at all the rostrocaudal levels of the host rhombencephalon (Fig. 2a) . The experiments can be subdivided into four subtypes according to the conditions chosen for the host interrhombomeric boundaries (illustrated in Fig. 2b ):
Is/b -The rostra1 or, alternatively, the caudal boundary of the excised rhombomere was ablated. Ic -Both boundaries of a given rhombomere were ablated with it.
Id -Most of the central part of the rhombomere was ablated, leaving its rostra1 and caudal boundaries in situ.
Additional Type I transplants were performed using as donor mouse grafts. Mouse embryos were delivered by laparotomy under chloral hydrate anesthesia (350 mg/kg) at 8 days of incubation (7 pairs of somites). A piece of isthmocerebellum was excised and transferred to a chick host as in other Type I experiments. Two mouse/chick chimeric embryos (respectively lb and Id) survived after grafting the mouse tissue in substitution of the host r3. These cases were fixed at stage HH22 and were immunostained with the 4D9 antiserum, as indicated below.
4.2.2. Type ZZ transplants. These were rhombomeres transferred near the postulated host inductor tissue (Fig.  2a) . Single rhombomere halves were heterotopically grafted in substitution of a previously excised part of the host isthmocerebellum, with or without their original rhombomeric boundaries. Alternatively, a large bilateral graft, including in one case r3, r4 and r5 neuroepithelium and in another case r3 and r4 neuroepithelium, were grafted without the r2/r3 boundary cells into a gap previously prepared in the host by excision of the rostra1 two thirds of the mesencephalic vesicle. The grafted tube part was positioned in a normal dorsoventral orientation but inverted rostrocaudally (Fig. 6e) .
4.2.3. Type ZZZ transplants (controls). Similar procedures were followed to obtain chimeric embryos in two kinds of control experiments: aHeterotopic grafts of rostra1 midbrain or diencephalic En-2 negative neuroepithelium to different rhombomeric levels (n = 3). b -Heterotopic grafts of rhombomeres to different rhombencephalic levels (n = 17; Table 1 ).
4.3. Embryos fixed after a short survival period Though many grafts integrated perfectly into the host hindbrain, in a number of cases the donor tissue did not integrate and formed a small independent vesicle (these cases are not represented in Fig. 2a ). Both the normally integrated and these non-integrated experimental specimens were processed for immuno-histochemistryy; the latter served as negative controls for planar contact effects. The embryos were fixed for 2-4 h in phosphate buffered (0.1 M, pH7.4) 4% paraformaldehyde 2-4 days after transplantation (stages HHl8 to HH26). After overnight washing in phosphate buffered saline (PBS) with 1% Triton X-100 and 0.1% sodium azide, the neural tube was dissected free of surrounding tissues and immunostained in toto with MAb 4D9 against the En-2 protein (Pate1 et al., 1989; used 1:2), using the avidinbiotin complex method (ABC, Vector). The stained specimens were opened along the dorsal midline, dehydrated through a graded series of glycerol-buffer mixtures to 8o%h glycerol and observed as wholemounts. The presence of interrhombomeric boundaries was investigated with Nomarski optics.
To verify the extent of the quail tissues with respect to the areas expressing En-2, the immunostained neural tubes were later embedded in paraffin and sectioned sagittally 10 pm thick. These sections were counterstained with cresyl violet to identify the grafted areas by the quail nucleolar marker (LeDouarin, 1969) .
Other cases were not processed in toto but cut in the cryostat in the sagittal plane at 15 pm sections; those were alternatively destined to cresyl violet staining, processing with the 4D9 antibody and processing with the antiquail antibody.
Chimeric embryos fixed after long survival
Eight to twelve days after the operation, chimeric embryos staged as HH 34-38 were fixed by immersion in Clarke fixative for 24 h. The heads or the isolated brains were dehydrated, embedded in paraffin and sectioned 10 pm thick. Three sets of alternate serial sections were mounted on slides. One series was stained for cytoarchitecture with cresyl-violet; the second and third series were immunohistochemically reacted with policlonal antiquail-antibody (Lance-Jones and Lagenaur, 1987; used 1:500) and with a policlonal anticalbindin D28K (CaBP) antibody (Swant; used 1:3000), respectively, using in both cases the Vectastain ABC kit. The CaBP antibody was used as a marker of Purkinje cells.
